The authors have constructed an array of 12 piezoelectric ejectors for printing biological materials. A single-ejector footprint is 8 mm in diameter, standing 4 mm high with 2 reservoirs totaling 76 µL. These ejectors have been tested by dispensing various fluids in several environmental conditions. Reliable drop ejection can be expected in both humidity-controlled and ambient environments over extended periods of time and in hot and cold room temperatures. In a prototype system, 12 ejectors are arranged in a rack, together with an X-Y stage, to allow printing any pattern desired. Printed arrays of features are created with a biological solution containing bovine serum albumin-conjugated oligonucleotides, dye, and salty buffer. This ejector system is designed for the ultra-high-throughput generation of arrays on a variety of surfaces. These single or racked ejectors could be used as long-term storage vessels for materials such as small molecules, nucleic acids, proteins, or cell libraries, which would allow for efficient preprogrammed selection of individual clones and greatly reduce the chance of cross-contamination and loss due to transfer. A new generation of design ideas includes plastic injection-molded ejectors that are inexpensive and disposable and handheld personal pipettes for liquid transfer in the nanoliter regime. (Journal of Biomolecular Screening 2004:85-94) 
INTRODUCTION

M
ICRODROPLET CREATION HAS BEEN AN INTEGRAL PART OF
research and development in the document printing business. Since its introduction in the mid-1990s, 1 microdroplets of biological materials created in grids, or biochips, have become more and more popular for biological investigations. From homebrew microgridding robots assembled in laboratories * across the world to a handful of commercial entities offering bench-top to fullblown microarraying systems, the field of biological sciences is an active area looking for the best solutions in droplet creation. 2 Existing drop generation mechanisms can be categorized into contact printing with pins (quill, solid, or pin-and-ring) or noncontact printing with microsolenoid, thermal ink jet, piezoelectric, or acoustic printing heads. 3, 4 Concurrent with the completion of human genome sequencing, the life science community has been seeking a tool to study the entire genome. Parallel printing with multiple heads to create DNA microarrays is one of the most widely used methods to realize this goal. Typical pin-based arrayers accommodate up to 64 pins, limited by the number of pins that can physically occupy an area the size of a 1 × 3-inch slide. 5 Due to the impact at contact, pin structure deformation, and clogging from contaminants collected at contact, pin-based arraying is prone to suffer from slide-to-slide inconsistency.
Many jetting technologies offer a noncontact (between jetting device and substrate) mode of deposition; most of them are derived from the printing industry. These ink-jetting options include thermal ink jet, microsolenoids, piezoelectric, and acoustic ink printing. Solenoid-or piezoelectric-driven syringe-type print heads produce arrays without contacting the substrate, promising a better spot morphology and higher speed. Commercial noncontact arrayers have lower numbers of print heads per rack than pin-based arrayers, typically no more than 16. 6 Part of the reason is due to the complexity of plumbing required with their designs and the inherent tendency for clogging.
Both pin-based and syringe aspirate-and-dispense methods require extensive washing and drying-often up to 3 or 4 passes per print-to ensure no cross-contamination or clogging. This significantly slows down the overall throughput.
To address the plumbing and cross-contamination issues, we designed a system that bypassed the 2 problems by using separate print heads for each sample material. The inexpensive print heads may be disposed of after use.
In thermal or bubble ink-jet print heads (e.g., Canon and HP), tiny resistors create heat, and this heat vaporizes the ink to create a bubble. Some of the ink is pushed out of a nozzle onto the paper as this bubble expands. Ink-jet print heads may have as many as 600 tiny nozzles, and all of them can produce a drop of ink at the same time. The fundamental issue of using thermal ink jet for printing biological materials lies in the heating process. At the vaporization temperature, most, if not all, biological materials are damaged.
Acoustic droplet-dispensing technology uses an acoustic beam to eject a controlled droplet from an open pool of liquid. [7] [8] [9] When the acoustic beam is focused on the free surface of the liquid, the pressure causes the fluid to rise up, and a droplet breaks off. This technology can have several advantages over other methods, including nozzleless operation (avoids clogging), extremely small drop size (less than 1 pL), and high-ejection rate. This technique is relatively new and not commonly found in the industry.
Microsolenoid jetting couples a high-speed microsolenoid valve with a high-resolution syringe pump to achieve precision metering of ejected drops. An example of this technology is the synQuad, developed by the former Cartesian Technologies, now a part of Genomic Solutions. The minimum volume dispensed by this system is about 20 nL-a good size for reagent dispensing or plate reformatting but too large for droplet creation.
Piezoelectric systems use piezo ceramics located adjacent to the fluid near each nozzle. A tiny electric charge is forced into the piezo ceramic, causing it to change shape and displace fluid. When the piezo ceramic displaces in and out, it shoots a droplet of ink out of the nozzle. Piezo ink jet has advantages similar to acoustic methods in terms of small drop sizes (picoliters) and high-ejection rate (several thousands). It is a mature, inexpensive method for creating drops.
Through many years of supporting Xerox printing technologies, we have extensive experiences with both piezoelectric 10, 11 and acoustic ink jetting. [12] [13] [14] We chose to employ the piezoelectric ejection system because it offers many advantages important for this purpose, and it has been reliably employed in our ink-jet printing products.
MATERIALS AND METHODS
Design and fabrication of the ejector
For the prototype single ejector, we used a stainless steel piezoelectric print head design from our portfolio of printer designs. One striking difference exists between the "biofluid" print head and ink image print head: instead of hundreds of apertures sharing 1 common ink reservoir on 1 full-width print head, the single ejector measuring 8 mm in diameter and 4 mm in height has only 1 aperture and a 76-µL capacity from the dual-reservoir design. A collection of several ejectors would hold several different "bio inks."
Although fluid mechanics of biofluids were considered in the design of the ejector, the heterogeneity of various biofluids warranted thorough testing. In this respect, clogging caused by biomaterials themselves, environmental effects, and the impact on the integrity of dispensed biomaterials appeared as a priority in our test list. Other parameters investigated included consistency of prolonged drop ejection, placement accuracy, drop size and drop count, arrayed feature size, and hybridization specificity.
A goal of the ejector design was to define a device that provides fine control on microscale droplet delivery and efficient utilization of liquid while also serving as a storage vessel for a unique biomaterial. Important parameters for the design included being compatible with biological fluids, having a minimum residual volume, being able to generate controllable and repeatable drop volume, and taking advantage of simple and well-understood manufacturing processes. Furthermore, it was desired to have a device that sustained continuous printing of more than 100,000 features. The dual-reservoir design was implemented to ensure that the aperture was always wetted and that only a minimal volume would remain unused. The fluid paths were designed for interconnection and transient fluid mechanics. As the piezo transducer pumps fluids back and forth at high frequencies, the compression, friction, and inertia in various paths all play a role. The art and science of print-head designs allowed us to consider these phenomena and create an ejector that worked very well. Artwork for building 3-dimensional ejector features was generated layer by layer as computer-aided design (CAD) drawings and converted into masks for chemical etching (Fig. 1) . Thirteen unique stainless steel sheets with various thicknesses were etched using these masks. Droplet exit apertures (75 µm) were micro laser drilled in the top layer. The layers were treated, assembled into their proper stacking order, and then bonded into 1 unit. For this prototyping, 1 stacked assembly produced 10 ejectors. A piezo ceramic "brick" with conductive plating on both faces was attached to the diaphragm layer (second from bottom) using conductive epoxy. The individual devices were numbered with a laser before testing. After testing, the 10 ejectors were singulated from the supporting structure using a laser cutter. Figure 2 shows the fluid core inside a single ejector. Figure 3 shows a prototype of the printer system, including a diagram of its hardware and a picture of 12 single ejectors assembled on a rack. A custom electronic hardware system was built to control the ejector power levels and drop delivery timing. A National Instruments (Austin, TX) arbitrary waveform generator board was wired as an input to this system, which defined the shape for the amplified output waveform. An Aerotech X-Y motion stage (Pittsburgh, PA) with 1-and 2-µm resolution for X and Y, respectively, was used to position an electrically isolated platen, which carried the substrate. Double-sided adhesive tape held the substrate on the platen. Stage motion was controlled by a Unidex motion control system and programmed through LabVIEW (National Instruments). The ejectors operate very stably when firing droplets upward to the substrate. (It is possible to fire droplets downward with added complexities.) The platen was fixed in the Z dimension approximately 1 mm above the ejectors. A high-voltage power supply was set to establish an approximately +1-to 2-kV per-millimeter electric field between the platen and the ejectors (ejectors were grounded). This E-field had been demonstrated to assist in accurate drop placement in ink printing. [15] [16] [17] Drop delivery timing was coordinated with platen motion to achieve the desired printed pattern.
Hardware and software configuration
Interlocks for high-voltage safety include an infrared light curtain system (Scientific Technologies Inc., Fremont, CA) and a microswitch on the high-voltage platen. These were monitored through a Digital488 digital input/output (I/O) controller (IOtech, Bedford Heights, OH). A National Instruments general purpose interface bus (GPIB) interface board was used to send motion-control commands and receive motion-control and digital IO controller status. The GPIB, digital I/O, and waveform generator boards were plugged into a peripheral component interface bus of a Pentium class PC. A custom LabVIEW program was written to provide a user interface for operating the system and monitoring the processes. Portions of this system could be enclosed to meet laboratory biosafety regulations.
Oligonucleotide array printing, hybridization, PCR amplification, and polyacrylamide gel electrophoresis
For hybridization tests, the biofluid used in printing the strips contained a control bovine serum albumin (BSA)-conjugated oligonucleotide probe in a commercial genotyping kit (DynalRELI SSO Strip Detection Reagent Kit, cat. no. 802.01) from Dynal Biotech (Lake Success, NY). This probe was used in the kit as a cutoff point for specific hybridization. It contained the least amount of homologous sequences as compared to other probes on the strip; therefore, hybridization was stopped when this probe became visible. A fluid containing this probe was obtained through Roche Molecular Systems (Alameda, CA). To make a 1× printing solution, 7.5 µL of this probe was diluted in 5 mL of printing buffer containing 50 mM 3-[cyclohexylamino]-1-propanesulfonic acid (Sigma C-2632) and 0.01% (w/v) Orange II dye (Sigma O-8126). Although this assay used a proprietary probe for comparison with existing commercial products, any other synthetic oligonucleotide probes of reasonable length can be used as long as a matching assay is designed. After printing this probe on a nylon strip as features of various sizes (Fig. 4) , the strip was air-dried for an hour before hybridization. PCR amplification of targets and subsequent hybridization were performed according to the protocol included in the kit.
In the print test with whole genomic DNA, 10, 30, 50, 100, 150, and 500 µg/mL of male human genomic DNA (G1471, Promega Corp., Madison, WI) solutions were prepared in pure water. A single ejector was used to create features, starting from the sample with the lowest concentration. Various numbers of drops of fluid were collected in 8 microtubes from the sample containing 100 µg/ mL of genomic DNA (Fig. 5 ). PCR amplification of these genomic templates with a pair of primers (5′-ctcgttcaccactttcttgc-3′ and 5′-gggaagctgggttggggggc-3′) from the pyruvate kinase genes was performed on an Applied Biosystems GeneAmp 9700 Thermocycler (Foster City, CA). Eight different positive controls were used; 1 was from a lab donor prepared with the Qiagen Blood DNA Extraction Kit (Valencia, CA), and the others were anonymized samples sent to a lab and extracted by standard methods. Negative control used the PCR buffer only. The PCR buffer contained 33.5 mM Tris-HCI (pH 8.8), 8.3 mM (NH4) 2 SO 4 , 3.35 mM MgCl 2 , 85 µg/mL BSA, and 0.25 mM dNTPs, and the amplification used 30 cycles of 94°C, 58°C, and 72°C for 30 sec each. After PCR, 5 µL of each sample and control was loaded into a well of a 10% polyacrylamide gel, and the gel was run in 1/2× Trisboric acid-EDTA buffer.
Human cell cultivation and printing
Human cell line HEL92.1.7 (ATCC #TIB180)-a suspension culture-was obtained from American-type culture and collection (ATCC) and cultivated under ATCC-specified conditions. Cell counts (and, in some cases, viable cell counts with Trypan Blue staining) were performed with a hepacytometer (Hausser Scientific, Horsham, PA). An ejector was evacuated before the cell culture solution was loaded and ejection was verified before collection. The cell solution was ejected into a microtube, and 5 µL was transferred to a hepacytometer. For viable cell counts, 0.5 µL of Trypan Blue was mixed with the 5-µL cell solution. Depending on the cell density, the 4 corners plus the center millimeter squares (low cell density) or the 4 corners plus the 1 center 0.2-mm squares (high cell density) were counted for derivation of total cell counts.
RESULTS
Biological samples are commonly prepared in a variety of solvents with different concentrations and viscosities. An important and favorable aspect for designing a bioprinter is the versatility and reliability of printing a wide range of biological materials. We first characterized this piezoelectric ejection system with a solution containing oligonucleotide and BSA in a buffered salt solution. Second, we studied its performance under different environmental conditions, including humidity and temperature changes. Third, we test-printed various fluids in these ejectors, including DMSO water mixtures, genomic DNA solutions, and human cell lines. Last, a prototype system consisting of a rack of 12 ejectors was demonstrated in creating arrays. Subsequent hybridization tests and throughput analysis were also included.
Single-ejector characteristics
To satisfy the requirement for printing a commercial diagnostic DNA array, we prepared a sample DNA probe containing 15 mM of a 25-mer oligonucleotide and 1 mg/mL BSA dissolved in a 50-mM CAPS solution with 0.01% (w/v) Orange II dye. The following tests were conducted using a single ejector firing upward on a test stand. Various numbers of droplets were collected in microtubes for subsequent PCR reaction or ejected directly on a piece of nylon membrane as features when used for size measurement and hybridization assays. Droplets were left uncollected when they were observed with a stroboscope.
For piezo ejectors, fluid viscosity and waveform influence the droplet size more significantly than other parameters. With the DNA probe solution, we were able to demonstrate that drop size could be varied in a controlled way by changing the waveforms. Specifically, 3 variants of 1 common waveform produced droplets of 59-, 64-, and 73-µm spherical diameters, which corresponds to 105, 134, and 206 pL of fluid delivered. Combining the features of small and controllable individual drop volumes with high firing frequency, the system allows a variable array feature size and fluid usage that does not sacrifice overall throughput.
Droplet ejection was counted with a stroboscope to determine the accuracy of firing. During each session, the ejector was made to fire 10 salvos of 40,000 drops per salvo, with a total of 400,000 drops. The number of drops counted in each salvo was within 99.9% of that expected. The < 0.1% "error" was within the instrument's expected measurement noise.
The ejector's total fluid volume was 76 µL. At the end of several experiments when the fluid in the ejectors was depleted, only 3 µL of fluid remained unused-a utilization rate of 96%.
This ejector was intended to be disposable. However, if the ejector were recycled, the unused fluid could be taken out by forcing air through the fill hole or evacuated with a house vacuum. A simple cleaning procedure was also established to ensure no crosscontamination between fluids. This procedure included 3 consecutive vacuuming and flushing steps. The leftover fluid was first evacuated, and then clean water was injected with a needle and syringe through both fill holes while outflows were caught with a vacuum. Then these steps were repeated 2 more times. The entire process was completed within a few seconds and required less than a milliliter of clean water. We tested this cleaning procedure after printing a concentrated solution of fluorescein dye (#FX0325-5, EM Science, Gibbstown, NJ) (0.1 M). Following the above cleaning procedure, 2 µL of the ejected drops of the newly filled clean water was collected on a clean slide and compared to an equal volume of samples from serial dilutions of the original fluorescein solution. The residual fluorescence (as determined by a Hamamatsu ORCA 100 CCD camera through a Nikon TE2000 fluorescent microscope) was much weaker than the 10 4 dilution (0.01 mM) of the original dye solution, indicating that the washing procedure is > 99.99% efficient, which is likely sufficient for most applications. We envision automating the procedure with a device consisting of arrays of fresh water jets and a vacuum suction.
Environmental effects and ejection reliability
One of the goals of this printing system was to have the flexibility to stop and resume printing at any time with minimal preparation. For this goal, we performed idling tests on single ejectors at various humidity and temperatures.
First, an ejector was verified to eject normally before idling at room temperature. This ejector was subjected to 2 humidity environments sequentially: one in a controlled humidity environment and another in an ambient environment. The controlled environment employed a plastic lid containing cotton moistened with water, which covered the orifice and maintained humidity. Printing resumed after 3-and 17-h idling times in this humidified environment. We monitored drop ejection with a live stroboscope video and found that ejection resumed immediately without failure. Then the humidity control was removed and the ejector exposed to the ambient environment (19.2% relative humidity, 23°C) for 4 h. A small amount of salt crystallized around the ejector aperture as the residual fluid dried. Immediately after we wiped off the crystals and turned on the voltage, the ejector resumed ejection without delay. We observed no difference in drop-ejection behavior. Drop ejection was not affected by idling, and printing could be resumed reliably with a simple wiping of the ejector surface.
The second test involved temperature changes. Biological samples may require handing at either lower (e.g., 4°C for enzyme) or higher (37°C for growing cells) temperatures than room temperature. Two single ejectors were filled and tested before they were sent to a refrigerator and an incubator at 4°C and 37°C, respectively. (Note: Although only the ejector was tested, it is understandable that standard X-Y motion system and electronics should perform well at the above temperatures, as have been demonstrated in many other instruments.) After soaking in these temperatures for 2 h, the ejectors were quickly inserted into the print stand for testing. Both ejectors started ejection immediately without delay, and ejection appeared normal without any interruption. The ejection stopped when the fluid inside was nearly depleted; at that time, the dead volume was around 3 to 4 µL for each ejector, similar to that in room temperature.
Print tests with various fluids
To further characterize the utility of the piezoelectric-based ejector, single ejectors were used in printing several fluids. These included one of the most frequently used low-surface tension solvents, DMSO, and protein-conjugated oligonucleotide probes, viscous human genomic DNA, and human cells.
DMSO printing
DMSO was mixed with water at 5%, 10%, 25%, 40%, 50%, 60%, 75%, and 100% DMSO concentrations. We performed ejection for all 8 different mixtures sequentially and watched for any problems in ejection. Existing liquids in ejectors were evacuated with a house vacuum. Fresh DMSO solutions were filled into the reservoirs through both large and small fill holes until a stream of solution started to come out of the aperture. All ejectors filled with 60% DMSO and below started to eject immediately when turned on, and the ejection lasted until the fluids in the reservoirs were depleted (i.e., only~3-4 µL was left behind in all cases). However, at 75% and 100% DMSO concentrations, ejection ended after only a few seconds. A film of liquid started to accumulate near the surface of the aperture only seconds after powered on. Lower surface tension of the high DMSO solutions affected the ejection, possibly by wetting the external surface near the aperture and causing early cessation of ejection. DMSO and water have very different surface tensions (43 and 72.8 dyne/cm at 20°C, respectively); and they wet surfaces very differently. This could be appreciated as the droplets from high-concentration DMSO mixtures (75%, 100%) wetted and extended over a glass substrate immediately and did not bead up like droplets from other lower concentration mixtures. DMSO printing was attempted at different combinations of temperatures. First, 1 ejector at room temperature was filled with 50% DMSO preequilibrated at 4°C; the ejection was immediate and continued until fluid depletion. Next, an ejector filled with 50% DMSO was stored and allowed to equilibrate to 4°C before printing. The ejection was also immediate and continued until depletion without observable abnormality. When the room temperature ejector was filled with 37°C 50% DMSO, ejection worked just fine. When the ejector was filled with 50% DMSO and equilibrated to 37°C for 2 h, ejection would not start initially. After injecting a few microliters of the 37°C-equilibrated 50% DMSO into the fill hole, ejection resumed normally. The humidity in the 37°C incubator was only 22%, possibly causing some of the water near the aperture surface to dry out, which led to a higher DMSO concentration. Later, the experiment was repeated. This time, the ejector was sealed in a chamber with dampened Kimwipe for overnight at 37°C incubation. Ejection started immediately the next day and continued until the liquid was depleted.
Ejecting viscous human genomic DNA
Similar piezoelectric ink-jet printing of biological materials has previously been demonstrated 18, 19 and used in commercial lines of microarraying instruments (Biochip Arrayer and SpotArray Enterprise, PerkinElmer Life Sciences, Wellesley, MA). The biocompatibility of stainless steel has not been found to be a concern. However, there are concerns about whether damage to biological materials could occur due to the forces inherent in drop creation.
In our system, we printed oligonucleotides and demonstrated a successful hybridization assay. Hybridization was highly specific, and no cross-contamination due to inaccurate placement was detected. Printing longer human genomic DNA would be an even more stringent test, as it contains strands of chromosomes with sizes in the hundreds of mega base pairs-5 million times greater than the size of the oligonucleotide that we had used here. Tests using human genomic DNA indicated successful ejection at 2 kHz, with concentrations up to 100 µg/mL. When the concentration increased to 150 µg/mL, the biofluid became quite viscous, and as expected, both satellite drops and tails started to appear along with the main drop.
Droplets of the ejected 100-µg/mL genomic DNA were collected in microtubes and used as a template for PCR amplification. Eight tubes were collected successively with increasing numbers of drops. Figure 5 shows a polyacrylamide gel image, which indicates that PCR successfully amplified the human pyruvate kinase gene from these ejected samples. For this test, the positive controls were nonejected genomic DNA, and negative controls contained only PCR buffer. It is noted that all positive controls, except 2, worked the first time (Fig. 5) . Two that failed initially because of concentration issues both worked after dilution. Obviously, more drops per tube led to a higher intensity of the PCR products on the gel, a semiquantitative but direct proof that these ejected templates worked in PCR reaction. Although this test does not rule out the possibility of shearing long stretches of DNA, it was included here to demonstrate the capability of printing viscous genomic material.
Ejecting human cells
As throughput needs increase, miniaturization is necessary. Low-volume, high-speed dispensing is a key factor in the assay throughput. Cell-based assays are favored vehicles for highthroughput, high-content drug screening. Thus, the ability to print whole mammalian cells could generate many interesting applications. In this print test, we chose to use a human cell line HEL 92.1.7, which is a suspension culture, and the cells have a diameter 10 µm.
Cell printing at room temperature (22°C).
Fluid in the ejector was evacuated before loading cell fluids. Ejected fluid was collected on a glass plate, and ejection continued until depletion. Cell counts (dead/total) before ejection for 4 separate samples (total of the 5 small 0.2-mm squares in the hepacytometer) were 14/42 (33.3%), 16/54 (29.6%), 23/45 (51.1%), and 21/48 (43.7%). The average cell density was 2,362,500 cells per milliliter, and the dead ratio was 39%. These samples were then ejected sequentially and fluid collected for cell counts. Ejected cell counts were 11/22 (50%), 13/38 (34.2%), 15/36 (41.6%), and 16/45 (35.5%). The average cell count was 1,762,500 cells per milliliter, a decrease of 25% from the original. However, the percentage of dead cells remained at about 39%, indicating that no damage was done to the cells in the ejection process that would result in an increased mortality.
At the end of each ejection, by purging the remaining fluid with air, it was determined that only 3 to 4 µL fluid was left at the completion. Without antiadhesion coating, cells could attach to the walls of the ejector or collection plate, which could contribute to the decrease in the cell concentration. To further understand the effect of cell settling on ejection, we performed idling tests as follows.
Cell printing with ejectors idling over different periods of time.
An ejector was loaded with cell solution and verified to be working at room temperature. The ejector was covered with a glass plate between ejection studies to reduce evaporation. Four runs of ejections were conducted on the same ejector, and droplets were collected at 0, 2, 4, and 6 h. Then, 5 µL was collected in a small microtube at each time interval and used for cell counting. After each idling, ejection always resumed immediately when powered on. This finding is consistent with printing pure water or a DMSO water mixture.
Cell counts after idling suggest that some degree of settling occurred. Before ejection, the cell culture had a density of 505,000 cells/mL and a 7.4% dead ratio. The ejected solutions had reduced cell counts over time with 480,000 cells/mL at 0 h, 80,000 cells/ mL at 2 h, and 20,000 cells/mL at 4 h; at 6 h, no cells were ejected. Dead cell ratios were stable over 4 h at an average of 8.3%, which is an insignificant deviation from the original 7.4% over 6 h. This indicated that cells most likely settled down after extended idling, and the solution had become a distinct 2-phase liquid. Unlike printing oligo, protein, or other water-soluble small molecules that remain dissolved homogeneously in the liquid phase, consistent cell printing could not be achieved after extended idling. Although not attempted, methods for mixing such as agitation or sonication could potentially be employed to resuspend the cells. After the 6-h sample, the unejected volume was forced out and cells counted. This unejected portion had higher cell counts (580,000 cells/mL), confirming our hypothesis that some of the cells had settled. Settling of cells in the ejector is undesired, although not unexpected. With concentration changes, one might observe droplet formation changes. However, there was no droplet jittering or faltering observed throughout the test, even when the fluid was nearly depleted. Furthermore, there appeared to be no substantial clumping that might have clogged the ejector.
Printing arrays with BSA-conjugated oligonucleotides
One of the main goals for this piezoelectric ejector system was high-throughput printing of oligonucleotide arrays. A desirable attribute of an array is that each feature is detectable using only a minimum volume of fluid. Printing rapidly with very small droplets provides fine-tuning of the mass per "feature" by changing the number of droplets deposited per feature. In this case, feature sizes also depend on accurate drop placement. Figure 4 shows a nylon strip printed with a BSA-conjugated oligonucleotide probe solution (see Materials and Methods) and the relationship between the numbers of drops per feature versus feature size before and after hybridization. We were able to show that successful visual detection with an enzyme-based colorimetric assay platform was achieved with a feature containing only 20 droplets, or~4 nL (see Fig. 4 ). This was determined by scanning the features with an Epson flatbed scanner (Epson Perfection 1220U). This stands in stark comparison to the 0.6-µL fluid required using a commercial stripping machine (personal communication, Roche Molecular System, 2001). Precious biofluid consumption is reduced 150-fold. Successful hybridization also indicates the retention of oligonucleotide integrity during the ejection process as sheared DNA sequences would not likely remain hybridized after stringent washes to produce comparable signals to the nonejected probes.
Array printing accuracy
To demonstrate printing throughput and placement accuracy, a rack of 12 ejectors (see Fig. 3 ) was made to eject simultaneously and produce arrayed strips. When droplets are ejected at very high frequencies, features arrayed onto the slowly advancing substrate will not significantly deviate from a circular shape. Although these ejectors are capable of firing at high frequencies (~8 kHz), we used 2 kHz throughout the test. During the test runs, the nylon membrane substrate was advancing at 2 mm per second. To achieve optimal drop placement accuracy, the substrate was held at approximately 1 mm above the ejector apertures. An electrical field of~1 to 2 kV per millimeter was applied between the ejectors and the substrate. A sample array with 180 features was printed. Each feature contained 20 droplets from 1 of the 12 ejectors. A function in our image analysis software (IMAQ Vision 6.0, National Instruments) determined that the average equivalent diameter was 298 µm with a standard deviation of 26 µm. The small standard deviation indicates good drop placement accuracy and circular features.
Array printing throughput
For future printing throughput, 2 scenarios are envisioned: a continuous Web-fed system or an X-Y platen (Fig. 6 ). This diagram estimates production for those scenarios when a rack of 96 ejectors is used to produce strips with 96 features of 20 drops per feature. An 8-h shift could produce 90,000 strips from a Web-fed system or 2200 strips from an X-Y platen system. This is a substantially higher throughput than any other commercial system has demonstrated. It is worth noting that the system is also fully reconfigurable; depleted or faulted ejectors can be quickly detected and replaced.
DISCUSSION AND CONCLUSIONS
We described a prototype bioprinting system capable of printing 12 unique biological fluids, in parallel, to create arrays. This system used a rack of 12 stainless steel ejectors operated by noncontact piezoelectric actuation. Owing to the high frequency of drop ejection, a true print-on-the-fly mechanism can be achieved. The reservoir volume can be customized while residual dead volume remains very low. This allows one to use the ejectors as storage vessels for a large library of precious biofluids such as nucleic acids, cells, or proteins. Creation of bioarrays-or transfer of these library materials-can be accomplished with programmed selection of ejectors containing only materials of interest. This helps to eliminate loss of potency due to unnecessary freeze and thawing.
Single ejectors printed various biofluids while subjected to different environmental conditions. These included low humidity, low and high temperatures, low surface tension, or high-viscosity fluids as well as human cell lines. With humidity tests, it was determined that ejection was very robust under common environments. Only under extreme environments, when liquid dried out and salt crystallized, did low humidity start to affect printing. Simple humidity control can prevent this. The ejectors printed equally well in room (22°C), cold (4°C), and hot (37°C) temperatures-environments that might be experienced for certain assays related to cell growth or enzymatic activity.
Compound libraries for high-throughput screening are usually stored in low-surface tension solvents such as DMSO. To understand the behavior of the ejector system when used for printing nonaqueous solutions, mixtures of DMSO and water were used. Abnormality of ejection was not detected for DMSO solutions up to a concentration of 60%. With substantial difference in surface tension between water and DMSO (72.8 and 43 dyne/cm at 20°C, respectively), a 60% DMSO solution represents approximately a 25% reduction in surface tension compared to pure water. This should prove satisfactory for storing most biological compounds. Furthermore, ejections of 50% DMSO solutions were also successfully demonstrated in cold and hot room temperatures.
Cell-based screening can benefit from an ejector system that allows dispensing at low volumes and high speeds. Cell solutions were successfully ejected until reservoir depletion, with no observed adverse effects or clumping. One potential problem with cell printing was the inhomogeneous cell concentration in the ejected fluids, possibly due to cell settling within the reservoirs. Future tests are necessary to further characterize the settling effects if cell printing is desired. Potential remedies include resuspension by sonication. An important aspect of this experiment was the viable cell counts: the results directly confirm that high-frequency pulses generated by the piezoelectric membrane to actuate the drops have no impact on the integrity of the cells.
Other extensions of this ejector technology could be made: 96 or 384 ejectors may be racked as a tool attachment for existing liquid handlers. Liquid dispensing in the sub-nanoliter regime could thus be achieved. For the individual bench scientist, "personal" or "bench-top" dispensers with 1, 8, 12, or 96 ejectors matching the pitch of standard microwell plates could assist manual sample preparations when frequently used reagents are prepackaged in ready-to-use ejectors. This would enable accurate nanoliter dispensing for repeated applications. Although firing droplets upward works best for these ejectors, modifications can be made to fire downward.
It can be envisioned that multiple 96-ejector racks could be installed on a system to produce arrays on a variety of substrates. Array production would exceed anything that has been demonstrated thus far. Although the market need for this level of throughput at low to medium density may not be warranted at this time, the array-based clinical diagnostic market is growing. Researchers studying important organisms with smaller genomes (such as bacterium Escherichia coli) could benefit from widely available lowcost arrays. When these low-to medium-density arrays are mass produced (e.g., at 100,000 strips per day), the cost of this printing system becomes insignificant, and the ejector could essentially be disposable. Bulk production of plastic ejectors would make their cost insignificant.
The utility of this ejector system does not stop at merely addressing the plumbing and contamination issues. Only a few years into the 21st century, the scientific community is celebrating fruitful results from the completion of human genome sequencing. Among them is a new paradigm of personal medicine when patients may receive individualized treatment through quick and inexpensive diagnostics. Microarrays of biomolecules are highly regarded as a candidate among clinical diagnostic tools. The essential characteristics of these arrays, on which we based our design criteria, are inexpensive, reliable, and producible at ultra-high throughputs to meet popular demands. With these goals in mind, we have successfully constructed a prototype ejector system and demonstrated that it was capable of achieving these characteristics.
